Objective: To investigate the neural mechanisms of food motivation in children and adolescents, and examine brain activation differences between healthy weight (HW) and obese participants. Subjects: Ten HW children (ages 11-16; BMI o 85%ile) and 10 obese children (ages 10-17; BMI 495%ile) matched for age, gender and years of education. Measurements: Functional magnetic resonance imaging (fMRI) scans were conducted twice: when participants were hungry (pre-meal) and immediately after a standardized meal (post-meal). During the fMRI scans, the participants passively viewed blocked images of food, non-food (animals) and blurred baseline control. Results: Both groups of children showed brain activation to food images in the limbic and paralimbic regions (PFC/OFC). The obese group showed significantly greater activation to food pictures in the PFC (pre-meal) and OFC (post-meal) than the HW group. In addition, the obese group showed less post-meal reduction of activation (vs pre-meal) in the PFC, limbic and the reward-processing regions, including the nucleus accumbens. Conclusion: Limbic and paralimbic activation in high food motivation states was noted in both groups of participants. However, obese children were hyper-responsive to food stimuli as compared with HW children. In addition, unlike HW children, brain activations in response to food stimuli in obese children failed to diminish significantly after eating. This study provides initial evidence that obesity, even among children, is associated with abnormalities in neural networks involved in food motivation, and that the origins of neural circuitry dysfunction associated with obesity may begin early in life.
Introduction
The prevalence of obese and overweight children in the United States is increasing rapidly. 1 Since the late 1970's, the prevalence of overweight has doubled among children aged 6-11 and tripled among youth aged 12-17. 2 Recent estimates
show that approximately one in three children are overweight (body mass index (BMI) 85-95% for age and sex) or obese (BMI 495% for age and sex). 3 Obese youth are increasingly diagnosed with impaired glucose tolerance, type-2 diabetes and show symptoms of insulin resistance syndrome and cardiovascular risk factors. [4] [5] [6] Childhood obesity is a significant concern, as many believe it will reverse the trend in increasing life expectancy. 7 Several factors contribute to obesity, but disruption in energy balance between calorie consumption and energy expenditure is a principal source of weight gain. The brain has a major role in modulating hunger and regulating motivated behaviors such as eating. Neural mechanisms are believed to have an integral role in mediating eating behaviors through regulation of food motivation and behavior control. 8 Neuroimaging studies using positron emission tomography and functional magnetic resonance imaging (fMRI) have examined neural mechanisms involved in food motivation. [8] [9] [10] The brain regions most commonly associated with food motivation in healthy weight (HW) adults are the limbic and paralimbic brain areas associated with taste, motivation, reward and behavioral control. The most consistently implicated regions include the orbitofrontal cortex (OFC) and medial prefrontal cortex, the amygdala, insula, striatum, anterior cingulate cortex and the hippocampal formation. [11] [12] [13] [14] [15] [16] [17] [18] [19] To our knowledge only three published studies have examined food motivation in HW youths. One fMRI study examined brain activations in HW youth and found that brain activation in the insula, amygdala and the medial frontal cortex and OFC in response to appetizing food images was greater when hungry than when satiated. 20 These are similar to patterns found in adults. Another study compared adolescent and adult brain activation to food images and corroborated earlier results finding brain activation in the OFC and hippocampus. 21 A recent study reported that obese children show higher activation of the dorsolateral PFC than HW children, which they hypothesize to be associated with increased inhibitory control in the obese group. 22 These studies suggest that neural networks of food motivation are active in childhood and continue throughout the lifespan, although longitudinal studies are needed to better characterize this process. Although studies have examined brain activation differences between HW and obese adults, no published studies have examined differences in brain activation between HW and obese children. Thus, little is known regarding the potential brain mechanisms of overeating and obesity in children or adolescents. This study examined brain activation in response to food images and compared the same across hunger states and weight category using previously published methods. 10, 20, 23, 24 We hypothesized increased activity in the limbic, paralimbic and prefrontal brain regions in obese vs HW children in both pre-and post-meal states.
Materials and methods
Participants and clinical measurements Subjects included 10 obese but otherwise healthy children (5 males; mean age ¼ 13 [11] [12] [13] [14] [15] [16] ) and 10 HW children (5 males; mean age ¼ 13 [10] [11] [12] [13] [14] [15] [16] [17] ), matched for age (P ¼ 0.99), education years (P ¼ 1.0) (all subjects were in age-appropriate grade) and gender (both groups 5 males, 5 females). The obese children were recruited from the community by flyers and email advertisements to medical center employees. None of the children were enrolled in a weight loss intervention or were trying to lose weight. BMI was calculated as the weight-to-height ratio for age and sex as determined by growth curve charts from the CDC. 14 and is described in more detail in previous reports. 10, 20, 23, 24 The participants viewed pictures of food, animals and Gaussian-blurred control images during two scanning sessions: one after fasting for 4 h (pre-meal) and one immediately after eating a uniform meal (post-meal) standardized for calories (kcal ¼ 500) and macro-and micronutrient content. The meal was typical lunch food consisting of a weighed turkey or ham sandwich with cheese, a piece of fruit, one vegetable and skimmed milk. This paradigm was designed to parallel normal hunger and eating cycles, and to examine the brain response to a healthy meal. The participants were instructed to consume the entire meal. The order of sessions (pre-meal, post-meal) was counterbalanced across subjects so that half of them started with the pre-meal session. All scans were conducted over the traditional lunch time (noon) to eliminate any effects related to the time of the day. The stimuli for the two categories (food and blurred control images) were obtained from LaBar et al. 14 The food images consisted of a wide range of low-and high-energy foods from fresh fruits/vegetables to steak and desserts. All fMRI in obese children AS Bruce et al images were rated as appetizing. Animal images were chosen for contrast to food images to increase the young participants' interest in the task and to control for general familiarity. The overall goal was to generate two sets of images that were matched for valence and arousal, 25 but differed on appetite generation. The animal images were obtained from professional CD-ROMs and matched to food and blurred control images on brightness, resolution and size. In addition, by applying a Gaussian kernel to a subset of the animal images (so that the objects were not identifiable), approximately 150 new blurred control images were obtained. Animals reminiscent of food (that is, fish) were removed from the stimuli pool to the best degree possible, preventing confusion between animal/food categorizations. Blurred objects were included as a low-level control comparison. Each image was presented once only to each subject. Functional scans involved three repetitions of each block of each stimulus type (that is, food), alternated between blocks of blurred images. Visual stimuli were projected through 3-D limited-view goggles (Resonance Technology Inc., Northridge, CA, USA) connected to the stimulusgenerating computer program (NeuroSTIM; Neuroscan, ElPaso, TX, USA). The stimulus presentation time was 2.5 s with a between-stimulus interval of 0.5 s. The two functional scans consisted of 13 blocks of stimuli presentation, with 10 images in each block. The order of category presentation was counterbalanced across subjects. To ensure participants were attending to the stimuli, they were instructed to remember images for a recognition memory test outside the scanner, immediately after each scanning session. From each of the food and animal groups, 50% of the images used in the scanning session (30 images) were chosen for recall (old) and interspersed with 15 new distracter images from the same category (new). The participants were instructed to press the left or right mouse button if they had seen the image in the scanner (old) or if they had not seen the image (new).
fMRI data analysis fMRI data were analyzed using the Brain Voyager QX statistical package (Brain Innovation, Maastricht, the Netherlands). The preprocessing steps included trilinear 3-D motion correction, sinc-interpolated slice scan time correction, 3-D spatial smoothing (4 mm Gaussian filter) and high-pass filter temporal smoothing. Functional images were realigned to the anatomic images obtained within each session and normalized to the BrainVoyager template image, which conforms to the space defined by the Talairach and Tournoux 26 stereotaxic atlas. Motion in any run of more than 3 mm along any axis (x, y, or z) resulted in that run getting discarded. Out of 80 total runs, three runs were discarded due to excessive motion and two runs were discarded because the subject fell asleep in the scanner. Activation maps were generated using statistical parametric methods 27 and random effects (in Brain Voyager QX). Statistical contrasts were conducted using multiple regression analysis with the general linear model, allowing multiple predictors to be built into the model. Regressors representing experimental conditions of interest were modeled with a hemodynamic response filter and entered into the multiple regression analysis using a random-effects model. Contrasts between conditions of interest were assessed with t-statistics. Statistical parametric maps were overlaid on 3-D renderings of averaged structural scans. Three sets of analyses were completed. First, an interaction analysis was performed, focusing on the group (obese, HW) Â stimulus type (food, non-food) interaction, separately for the pre-and post-meal conditions. The regions of activation resulting from these analyses identify brain areas in which the obese group showed disproportionately greater activation to food pictures than to non-food pictures, in comparison with the HW group (random effects).
Second, to determine the difference in the brain response with the hunger condition (pre-meal vs post-meal), interaction analyses were performed, focusing on the stimulus type (both food vs non-food; food vs control) Â motivational state (pre-meal, post-meal) interaction, separately for the obese and HW groups.
Finally, analyses were performed targeting the difference in the brain response with the hunger condition, this time focusing on the between-group Â stimulus type (food vs control) and motivational state (pre-meal, post-meal) contrasts.
On the basis of previous research, a priori regions of interest for the primary analyses included the limbic, paralimbic and prefrontal brain regions. Specifically, the following regions were examined, bilaterally: amygdala, hippocampal formation, OFC, medial PFC, lateral PFC, anterior cingulate cortex and insular cortex. For all region of interest analyses, voxels in each contrast were considered significant if the activation survived a statistical threshold of Po0.001, uncorrected (minimum cluster size: three contiguous voxels). Other areas were considered significant if they exceeded a threshold of Po0.0001, uncorrected (minimum cluster size: six contiguous voxels). For anatomical verification of a priori region activation, the Talairach coordinates for each maximum pixel were confirmed by examination of an additional anatomical brain atlas. 28 
Results

Behavioral data
The memory test scores for both pre-and post-meal sessions for all children were significantly higher than chance (using discriminability index). The HW group's recognition memory for food items was 87.5% pre-and 81.9% post-meal. The obese group's memory for food items was 82.9% pre-and 85.2% post-meal. The HW group's memory for non-food items was 92% pre-and 91% post-meal. The obese group's memory for non-food items was 89.8% pre-and 90.3% fMRI data The group (obese vs HW) Â stimulus type (food vs non-food; food vs control) interaction. In the group (obese, HW) Â stimulus type (food, non-food) interaction pre-meal condition, the obese group showed greater activation than the HW group to food vs non-food pictures in three regions of frontal/PFC (Table 1) . After eating (post-meal condition), the obese group showed greater activation than the HW group to food vs non-food pictures in the OFC. Findings from the post-meal analysis are illustrated in Figure 1 , highlighting activation differences in OFC between obese and HW children. In the group Â stimulus type (food vs baseline control) interaction, there were several significant areas of activation between obese and HW children in our a priori region of interest in the frontal/PFC and hippocampal regions ( Table 1 ).
The stimulus type (food vs non-food) Â motivational state (pre-meal vs post-meal) interaction. Second, to determine the difference in the brain response with the hunger condition, interaction analyses were performed, contrasting pre-and post-meal sessions separately for the obese and HW groups, to identify regions in which the food vs non-food contrast was greater pre-meal than post-meal. These analyses identify areas showing decreased brain activation after eating. In the HW group, the medial PFC, PFC and posterior cingulate regions responded to food images to a greater extent before eating than after eating (Table 2) . Similarly, obese subjects showed significant reduction in brain activation between pre-and post-meal conditions only in the superior and medial frontal gyri and thalamus. No changes were observed in the a priori limbic and paralimbic brain regions.
The stimulus type (food vs control) Â motivational state (pre-meal vs post-meal) interaction. Similar analyses were performed, contrasting pre-and post-meal sessions separately for the obese and HW groups, using the food vs control contrast, identifying regions of reduction after eating using baseline images. Once again, these analyses identify areas exhibiting less brain activity after eating. In the HW group, the PFC, fMRI in obese children AS Bruce et al medial prefrontal cortex, anterior cingulate cortex, insula, nucleus accumbens, ventral putamen and parahippocampal gyrus, amygdala showed greater response to food images before eating than after eating (Table 2 ). In the obese group, only the PFC and insula responded more to food images as compared with control images before eating than after eating. Even when the statistical threshold was relaxed (Po0.05; uncorrected), there were no other significant areas of reduced brain activity in the obese group.
The group (OB vs HW) Â stimulus (food vs control) Â motivation (pre-meal vs. post-meal) interaction. Finally, we conducted a direct comparison of the obese and HW groups, contrasting pre-and post-meal sessions for the food vs control stimuli, identifying regions in which HW children exhibited greater reduction (modulation) of brain activation than obese children. Figure 1b illustrates the significantly greater reduction in brain activation in the medial PFC in the HW group than in the obese group.
Discussion
This study extends the childhood obesity and food motivation literature by providing preliminary evidence of the neural mechanisms of food motivation in obese and HW children. We hypothesized that there would be increased activation in the limbic, paralimbic and PFC regions of the brain in obese vs lean children in both pre-meal and post-meal states. We further expected that the obese group would show less reduction (modulation) of brain activation between the pre-and post-meal states.
Initial findings in adults indicate that many areas implicated in normal food motivation are hyper-responsive in obese groups. Differential activations (hyperactivation) have been found in the hypothalamus, 29 29 The implicated regions have a central role in processing motivation, reward and cognitive control, and contribute to behavioral problems such as impulsivity and addiction. 33 Consistent with past studies using adults and the few published child studies, the food images in our study produced significant brain activations in the limbic and paralimbic regions for both obese and HW groups. The obese group showed greater activation to food pictures than the HW group in the frontal and paralimbic cortex (PFC, OFC) under both pre-and post-meal conditions. These findings corroborate and extend on a recent fMRI study of obese and HW children as we included two food motivation conditions (pre and post-meal) and a standardized scan time to remove any confounding of time of day. 23 Our study adds to the mounting evidence that obese children are hyper-responsive to visual food stimuli when compared with HW children. Their hyper-responsiveness to food stimuli might contribute to increased food motivation, increased intake and poor health-related behaviors. Also, as Davids et al. 22 suggested, increased activity in the PFC may reflect attempts to control behavior in the context of increased food motivation. Another important distinction between the HW and obese groups was that obese subjects failed to show significant post-meal reduction of activation in the prefrontal, limbic and reward processing (ventral striatum) regions, whereas the HW subjects showed a significant reduction in prefrontal and limbic activity after eating. These results indicate that These contrasts are examining reduction of brain activity after eating a meal.
fMRI in obese children AS Bruce et al the neural networks of the HW subjects are more modulated after eating a meal. These data provide evidence that obesity, even among children, is associated with abnormalities in the networks involved in motivation and regulating food selection and intake. There are some differences between the previously published reports, with some studies identifying areas of increased activity and others decreased activity. 17, 34 For example, Stice et al. 34 found decreased activity in the dopaminergic brain pathways (striatum) in obese individuals as compared with that in HW individuals. They proposed that obese individuals have both reduced dopamine receptor density and impaired dopamine signaling in the reward-processing areas of the brain. It is significant to note that Stice et al. scanned young adults during feeding, whereas this study examined children and adolescents while viewing food images. Future studies are needed to more fully explore differences between children and adults, and between different activation paradigms. There are several potential limitations to this study. Some researchers have expressed some doubt about using transformation to stereotaxic space in children. 35, 36 Others, however, have shown that differences due to age are beneath the resolution provided by the current imaging technology. 37 In addition, functional analysis maps projected onto averaged anatomical images appear not to produce false variance between age groups. 37 Nonetheless, because the subjects' ages in this study ranged from 10 to 17 years, with some pre-pubertal and some post-pubertal, we cannot rule out the effects of anatomical variability in these developing brains. Another potential limitation is the likelihood of signal loss in the ventromedial regions of the PFC due to susceptibility artifact. While we do report activation in some regions of the OFC and have verified that these activations come from regions of good signal coverage, we cannot rule out that other regions were missed. This study is also limited by the relatively small sample size and the use of uncorrected statistics. Future studies should replicate these findings with larger groups. In addition, the inclusion of psychophysiological measurements of satiety could be an important behavioral measurement to examine in conjunction with the imaging data. Finally, on the basis of the cross-sectional study design, it is impossible to determine causal relationships between brain activity and obesity. Specifically, we cannot determine whether increased brain activations cause overeating and obesity, or are the result of overeating and obesity. Longitudinal studies of individuals at risk of obesity are needed to further our understanding of the relationship between brain function and obesity. For all of these reasons, results from this study should be considered preliminary. While our study is not without limitations, our preliminary findings are intriguing and will lead to further investigation of the brain's role in childhood obesity. This study provides preliminary evidence that obese children are hyper-responsive to food stimuli and fail to modulate brain activation after a meal as compared with HW children. These findings have potential clinical implications, including clarifying the relationships between the neural mechanisms of obesity and weight loss interventions. This area of research is at an early stage and future studies will increase our limited understanding of the neural correlates of obesity, food motivation and other health behaviors in children. Eventually, a better understanding of the brain's role in food motivation, reward and cognitive control might lead to specific, targeted obesity interventions and the ability to better place individuals into tailored health programs.
